The objectives of this study were to describe the microscopic lesions in the respiratory tract of Fischer 344 rats as a result of 4-or 8-days exposure (6 hr/day) of 3 ppm MIC and to characterize the postexposure development of these lesions up to day 85. All rats survived the exposure regimen, although significant decreases in body weight and encrustation of the eyes, nose, or mouth were observed. During the first 15 days of postexposure, the rats were hypoactive and had increased respiratory rates. Male mortality was as high as 63%; only 5% of the MIC-exposed females died. The cause of death was interpreted to be respiratory compromise complicated by anorexia and probably dehydration as well. During the next 28 postexposure days, 48% of the male survivors died, while only 3% of the female survivors died. Throughout the 85-day postexposure period, body weight gains in the MIC-treated groups were consistently below control values. Inflammatory and squamous metaplastic lesions of the respiratory tract, observed the day following completion of either the 4-or 8-day exposure regimen, decreased in both frequency and/or severity in survivors of the 85-day postexposure period, indicating recovery from the cytotoxic and irritating effects of MIC vapor. The squamous metaplastic epithelium was replaced by regenerative epithelium beginning in the deeper portion of the respiratory tract. Maturation of collagen occurred in the areas of submucosal fibroplasia.
Introduction
Acute inhalation studies with methyl isocyanate (MIC) vapor in Fischer 344 rats determined the 6-hr LC50 value to be 6.1 ppm (1, 2) . MIC vapor was determined to be a potent irritant, resulting in extensive damage to the respiratory mucosa in Fischer 344 rats, B6C3F1 mice, and Hartley guinea pigs (2, 3) . Subsequently, a repeated exposure study was conducted in which groups of male and female F344 rats were exposed to 3.1, 0.6, 0.15, or 0.0 (control) ppm of MIC vapor 6 hr per day for two 4-day periods separated by a 2-day rest (4, 5) . Only the 3.1 ppm exposure regimen resulted in biologically significant changes, and these were confined to the respiratory tract.
The objectives of this study, initiated in 1982 (prior to the Bhopal tragedy), were to more fully describe the lesions in the rat respiratory tract as a result of 4 or 8 days of exposure to MIC vapor and to characterize the subsequent development of these lesions during a 3-month recovery period.
Materials and Methods
Details of the materials, vapor generation methods, and analytical procedures used in this study have been described previously (4) . Briefly, vapors of MIC-nitrogen gas were metered from a stainless-steel cylinder (1) containing liquid MIC into stainless-steel and glass chambers (4350 L) operated at an airflow rate of 1200 L/min. Chamber air was analyzed for MIC approximately three times per hr with a Perkin-Elmer 3920B gas chromatograph equipped with a nitrogen-phosphorus detector. A Perkin-Elmer automatic gas sampling system was used for chamber sampling. Calibration of the gas chromatograph was performed with liquid injections of MIC in n-hexane standard solutions which were prepared volumetrically. The Body weight and physical condition of all rats were followed for approximately 2 weeks prior to randomized assignment into exposure groups. At the time of group assignment, only animals with body weights within two standard deviations of the group mean for each sex were used in the study. Any animal in poor health or having eye lesions was rejected from group assignments.
Group Assignment and Exposure Regimen
The group size was 72/sex for the MIC-exposed rats and 25/sex for the air only (control) rats. The rats assigned to the MIC group were divided into 8-day (48/ sex) and 4-day (24/sex) exposure subgroups. The target chamber concentration for the MIC-exposed rats was 3.0 ppm. For the 8-day subgroup, exposures were 6 hr/ day for 4 consecutive days. After 2 days of rest, animals were exposed for an additional 4 consecutive days. Control animals were exposed to air alone. The 4-day subgroup was introduced into the chambers during the second 4-day regimen of the 8-day subgroup. Therefore, the 4-day, 8-day, and control rats, designated for sacrifice the day following their final exposure, were all sacrificed and necropsied the same day. The study design called for postexposure evaluations of rats at 1, 15, 43, and 85 days following termination of exposures (Table 1). Because of the unexpected number of deaths during the postexposure period, the number of rats sacrificed at these evaluation periods were fewer than planned.
Necropsy and Evaluation Procedures
Animals were observed for signs of toxic effects daily. Body weights were determined on the morning preceding the first, fourth, fifth, and eighth exposure and again preceding sacrifice. During the postexposure period, rats were weighed weekly. All rats were necropsied, 
Results and Discussion

Chamber Concentrations and Environmental Conditions
The mean analytical chamber concentration for each exposure day was 3.0 ppm. No MIC was detected in the control chamber. A brief overexposure occurred during the first hour of exposure day 5. An MIC concentration as high as 12.6 ppm was detected, but the time-weighted average for the first hour was only 4.6 ppm. Nominal chamber concentrations were not calculated because the concentration of the MIC in the head space of the generation cylinder was not determined. Daily mean chamber temperature and relative humidity for all exposure groups ranged from 720 to 77°F and 33 to 44%, respectively. The housing quarters for the postexposure period were within a temperature range of 710 to 76°F and had a relative humidity range of 32 to 50% for the majority of time.
Animal Observations
During the exposure regimen, several cases of perinasal, perioral, or periocular wetness and/or encrustation were observed in the 3.0 ppm male and female rats. Approximately one-third of the MIC-exposed males had audible respiration during the second week of exposure (days 5 through 8). A few female rats had perineal wetness. No clinical abnormalities were observed in the control rats.
For MIC-exposed survivors, the most frequent observation was increased respiratory rate in both males and females, 8-day or 4-day treated, during postexposure days 1 through 15. In addition, hypoactivity was frequently observed in the 3.0 ppm rats. A few cases of perinasal, perioral, or periocular wetness and/or encrustation, as well as ataxia, were observed. No new clinical signs appeared during the postexposure period and clinical signs decreased in frequency with time.
Body Weights Figure 1 illustrates the mean body weights for rats exposed to either 4 or 8 days of 3.0 ppm of MIC and for control animals. As expected from the first repeated exposure study (4, 5) , MIC-treated rats had a large decrease in body weight compared to control animals during the exposure regimen. In general, the magnitude of the decrease in body weight was greater in the 8-day MIC-exposed rats than in the 4-day exposed rats. Recovery from body weight loss in female rats began soon after the last MIC exposure. However, in MIC-exposed males, recovery from body weight loss did not begin until postexposure week 3. In MIC-exposed male rats, recovery from body weight loss took longer in the 4-day group than in the 8-day group, although the 4-day group recovered more weight. This was not the case for female rats, in which the time and magnitude of recovery from body weight loss were comparable for the 4-day and 8-day MIC-treated groups. The air-exposed control animals had body weight gains at each weighing period throughout the study.
Mortality
No deaths were observed during either the 4-or 8-day MIC exposure regimen. However, 63% of the MICexposed male survivors died during postexposure days 2 through 15, while only 5% of the female survivors died during this time interval. For each sex, the cumulative survival between the 4-day and the 8-day MIC-treated rats were similar ( The only consistent gross lesion observed in rats sacrificed on the day following the 4-or 8-day exposure was evidence of pulmonary congestion. More female rats had evidence of congestion than did male rats in both the 4-day and the 8-day exposure groups. Nasal cavities were flushed with formalin at the time of necropsy, but were not opened until after fixation; and therefore, gross lesions were not detected in the upper respiratory tract.
Inflammation and squamous metaplasia were present with the same relative frequency in the upper respiratory tract in the 4-and 8-day rats (Table 3 ). The only principal difference was the less frequent squamous metaplasia and submucosal fibroplasia in the bronchioles of male rats exposed for 4 days compared to those exposed for 8 days. There was also a greater frequency of regenerative epithelial hyperplasia in the lungs and tracheas of the female rats exposed for 8 days than was observed in the 4-day exposed animals (Fig. 2) . The severity of lesions between the 4-and 8-day exposed rats was not appreciably different.
Sacrifice on Postexposure Day 15
No male rats were sacrificed on postexposure day 15 because of the large number of deaths that occurred between postexposure days 1 and 15 (Table 2) . Among the female rats sacrificed at this time, only one had pulmonary congestion at necropsy.
The microscopic lesions are presented in Table 3 . While squamous metaplasia was still evident in the upper respiratory tract, namely the nasal passages and larynx, it could no longer be observed in the trachea or the bronchioles. However, the frequency of regenerative epithelial hyperplasia was increased from that seen on postexposure day 1, especially in the lungs of the 4-day exposed rats and in the tracheas of the 8-day exposed rats.
Sacrifice on Postexposure Day 43
Male and female rats from both the 4-and 8-day exposure groups were sacrificed and necropsied on postexposure day 43 (Table 2) . Nearly all of the male rats had evidence of pulmonary congestion at necropsy, b Seven of the remaining 8-day exposed female rats were not sacrificed. whereas only one female rat had any color change in the lungs. Table 4 lists the frequency of microscopic lesions observed from rats sacrificed on postexposure day 43 from the 4-and 8-day exposure groups. Squamous metaplasia from the nasal passages to the bronchioles was observed in a few male rats from the 8-day group, but for the most part, the squamous metaplasia was confined to the upper portion of the respiratory tract, and regenerative hyperplasia of mucosal epithelium was present in the trachea and bronchioles. Submucosal fibroplasia was still present in the bronchioles of male rats from both the 4-and 8-day exposure groups, but by this time the character of the fibrous connective tissue core was changing to consist of more mature fibrous tissue, and the polypoid projections into the lumina were not as pronounced (Fig. 3) .
Sacrifice on Postexposure Day 85
Only male and female rats from the 8-day exposure group were scheduled for sacrifice on postexposure day 85 (Table 2) . Only three male rats from the 3.0 ppm exposure group were alive at this point. Seventeen of the 3.0 ppm-exposed female rats survived, ten of which were necropsied and examined microscopically with five control rats from the male and female groups. At necropsy, only one MIC-exposed female rat had any evidence of pulmonary congestion. Table 4 lists the frequency of lesions observed at postexposure day 85. There was still evidence of squamous metaplasia in the upper respiratory tract and regenerative epithelial hyperplasia in the lower tract, especially in the male rats, which had more severe lesions compared to the females. Submucosal fibroplasia was still FIGURE 2. Regenerative epithelium covering a small area of submucosal fibroplasia in a female rat exposed to 3. 
Rats Found Dead
The most significant and consistent finding at necropsy was pulmonary congestion, which was observed in almost all of the rats found dead and usually involved most of the lung parenchyma. Also observed at the time of necropsy was a lack of ingesta in the stomachs of many of the rats that died. Table 5 presents the principal microscopic findings in the rats found dead. Autolytic changes were present in some of the tissues, making critical evaluation difficult or impossible depending on the extent of the autolysis. The most consistent changes observed in the nasal tissues were congestion, present in most of the rats, and degeneration or necrosis of respiratory and/or olfactory mucosa, which were more frequently observed in the rats that died shortly after termination of exposures. Squamous metaplasia was observed in the nasal tissues in only those male and female rats exposed for 8 days to the MIC vapor.
The most common finding in the larynges of the rats that died was squamous metaplasia. However, in the Table 4 tracheas, the most frequent lesion observed was epithelial regeneration, especially in the 8-day exposed male rats. Necrosis was present in the laryngeal and tracheal epithelium from a few male rats exposed for 8 days to MIC vapor. The lungs revealed a number of changes which appeared different from, or more severe than, the changes observed in the sacrificed rats. Congestion, and occasionally hemorrhage, was observed in many of the rats that died. Edema, inflammation, and hyaline membrane depositions were changes that appeared either only in rats that died (edema, hyaline membranes) or more severely (pneumonitis) in these rats (Figs. 6-8) . The pneumonia was manifested in various ways, either as bronchopneumonia, diffuse fibrinous or fibrinopurulent pneumonia, or interstitial pneumonia. Necrosis, epithe- lial regeneration, and squamous metaplasia of bronchiolar epithelium were observed only in the dead male or female rats exposed to MIC vapor for 8 days. Submucosal fibroplasia was confined to the male rats and was observed with about equal frequency and severity as in the sacrificed rats. FIGURE 6 . Perivascular edema, congestion, and pneumonia in the FIGURE 8. Suppurative bronchopneumonia extending from the bronlung of a male rat that died 10 days following 8 The fact that edema and hyaline membrane deposits were observed in some of the rats that died following repeated exposures to MIC vapor is a noteworthy difference from those animals that were sacrificed, and probably contributed to the death of the rats by respiratory insufficiency. The infusion of lungs with 10% NBF, as was performed in these studies, is not considered the most appropriate method for detection of lung edema because infusion tends to remove evidence of mild pulmonary edema (8) .
Similarities to Acrolein Exposure
The lung lesions induced in male F344 rats by inhalation of 4.0 ppm of acrolein vapor 6 hr/day for 62 days of exposure were similar to some of those observed in rats exposed to MIC vapor in that bronchiolar epithelial necrosis, bronchiolar mucopurulent plugs, and focal pneumonitis occurred with acute rhinitis (7). The severity of pulmonary lesions with respect to acrolein vapor inhalation was described as being somewhat more variable from animal to animal and from one area of the lung to another in the same rat (7) than were the lesions observed in the MIC vapor-exposed rats in both of the repeated exposure studies (4, 5) . None of the 3.1 ppm or 3.0 ppm MIC vapor-exposed rats completed the exposure regimen without some evidence of damage involving the bronchioles and upper respiratory tract. However, involvement of the alveoli was quite variable (negligible or slight) in many of the rats.
Conclusions
F344 rats exposed to 3.0 ppm of MIC vapor for 4 or 8 repeated exposures of 6 hr/day developed lesions in the respiratory tract which reflected the cytotoxic and irritating nature of MIC. Substantially more male rats died following 4 or 8 days of repeated exposures to MIC vapor than did females. Rats that died had evidence of more severe pulmonary lesions, including edema, hyaline membrane formation, and pneumonia in the lungs, than did the survivors. Rats found dead also had little evidence of ingesta in their stomachs, which suggested that perhaps the degeneration of the olfactory mucosa in the nasal passages had resulted in their failure to eat. Recovery of rats was followed up to 85 days. Repair of the injured respiratory mucosa took the form of replacement of the metaplastic epithelium by regenerative epithelium, beginning first in the deeper portion of the tract. The regenerative epithelium matured as time progressed. The submucosal fibroplasia developed into more mature collagen that retracted, causing shrinkage of the polypoid projections observed in the lumina of bronchioles. The inflammation observed throughout the respiratory system immediately following termination of exposures decreased in both frequency and severity as the time after exposure increased. It is concluded that recovery of the respiratory tract was substantial in the F344 rat during the 85 days of postexposure, with the few remaining residual lesions consisting of regenerative airway epithelium and small areas of submucosal fibroplasia.
